Electronmicroscopy was used to observe morphological changes of the Pseudomonas aeruginosa PA0 bacteriophage F116 when treated with various biocides commonly used as antibacterial and antifungal agents. Because of its large size (145 nm) and its organised structure (an isometric head and a tail), it was possible to classify structural damage into eight categories. The morphological changes induced depended on the type of biocide used and its concentration. Glutaraldehyde increased the number of phages with empty heads. Peracetic acid and phenol altered the appearance of the viral genome packaged inside the head, produced fractured heads, and damaged the tail. Peracetic acid also induced folding of the phage heads. The alcohols tested also altered the head structure. Cetylpyridinium chloride induced mainly fractured head damage. Chlorhexidine had little effect on the structure of F116.
Introduction
In the development of bacteriophage models for studying the effects of biocides on viruses, electronmicroscopy is a valuable tool. It has often been used to observe the diversity of bacteriophages found in natural environments' or in sewage.2 It has also been employed to detect mammalian viruses3 and to analyse the processes of i n f e~t i o n .~,~ However, it has been less used for studying viral morphological changes' caused by the action of chemical agents, an exception being the studies of the effects of virucides upon hepatitis B Coliphages are the most widely used viruses, in parallel with human viruses, to determine the efficacy of chemical disinfectants.11-14 However, other phages such as Bacteroides fragilis phage B40-815-16 and lactococcal phages POO1, PO08 and P1O9l3 have been studied also. The Pseudomonas aeruginosa PA0 phage F1 1617 showed unexpected resistance to some biocides in suspension tests." Its large size (145 nm) and its well-defined structure (an isometric head and a tail)lg enabled electronmicroscopy to be used to investigate structural changes caused by biocides. Received 
Material and methods

Fl16 bacteriophage
Bacteriophage F 1 16 was propagated on P. aeruginosa PA01 as described by Maillard et a1.l' The lysates were stored at 4°C.
Biocides
The biocides investigated were as follows, the choice of concentration being based on previous work?' chlorhexidine diacetate 1 YO w/v (PH 7 ) , cetylpyridinium chloride 0.05 YO w/v (pH 7), glutaraldehyde 1 YO v/v (pH 8), ethanol 70% v/v and 100 YO v/v, isopropanol 100 YO v/v, phenol 0-5-2 YO w/v (pH 6) and peracetic acid 0.01-1 YO v/v (pH 3-5). The negative control was phosphate-buffered saline (PBS, Oxoid; pH 7 ) .
Bac t er iop huge t rea tmen t
One ml of lysate (2 x 1O1O pfu/ml) was harvested by centrifugation for 1 5 min at 12 000 rpm in a microfuge (Clandon TH21, MLW). The pellet was resuspended for 10 min in 1 ml of test biocide. A 2 0 4 sample was then mixed with 20 pl of methylamine tungstate 1 YO. After contact for 5 min, a drop of the mixture was placed on a carbon-coated grid, which was blotted with filter paper to remove any excess liquid. The grid was examined in a Philips EM 400T electronmicroscope operating at 80 kV accelerating voltage. F116 bacteriophages were observed at a magnification of 80 000. More detailed investigations of morphological changes were conducted at a magnification of 400000.
Results
Bacteriophage count and observation
Each experiment was repeated three to five times, until a minimum number of 400 phages were counted for each exposure to a biocide concentration. Subsequently, structural changes were investigated in more detail and divided into eight categories (table  11) the head ( fig. 7 ). In this second experiment all of the bacteriophage heads which had separated from their tails appeared to be damaged. They were subsequently re-classified.
showed no structural alteration and in the second experiment, 86 Yo, (table 11; intact phage). The detailed observations (table 11) revealed that 6 % of the particles consisted of tails isolated from the heads (8.5% in table I). Of the phages observed, 3% were empty and another 3 % showed condensed material inside the head. Only a small number of phages (1 YO) had fractured heads.
Control
In the first series of experiments, 72 O h of the phages in the control suspensions (table I; intact phage) 
Eflect of biocides
For each category of damage, the numbers of phage particles in the control differed significantly (p < 0-05) from the numbers of phages in the biocide-treated suspensions.
All biocides except peracetic acid (1 YO v/v) induced a high percentage of separation of head and tail. The total number of independent heads did not always correlate with the number of isolated tails. Generally, the number of independent tails was higher than the number of isolated heads, except for peracetic acid head (table 11 ). Higher concentrations of biocides correlated with a higher damage count-12% for phenol 2 % w/v and 11 YO for peracetic aid 1 YO v/v.
Glutaraldehyde 1% v/v was the only biocide to induce a high number (52%) of empty heads ("ghost phages").20 Only the alcohols and phenol altered the head to a folded structure (table 11 ). The number of phages with this type of damage increased in frequency with a higher concentration of phenol. A small number of phages (< 10 %, but still higher than the control) was observed with this type of structural alteration when F116 was treated with either glutaraldehyde 1 YO v/v or peracetic acid 0-1 YO and 1 YO v/v.
All the biocides tested induced a fractured head type of damage (table 11) . However, at 1% w/v both chlorhexidine and phenol produced only a small percentage of fractured structures (4% and 2 % respectively). This percentage was higher than the control (1 YO). The highest percentages (68. 5 Yo, 61 %) were observed when F116 was treated with cetylpyridinium chloride 0.05 YO w/v and isopropanol 100 % v/v, respectively. Ethanol 70 % v/v altered the head structure to a greater extent (32 %) than absolute ethanol (1 5 YO).
Damaged tails were observed only when F116 was pre-treated with phenol or peracetic acid. At a lower phenol concentration, there was a higher number of damaged tails. The damage observed in the untreated phage lysate is likely to be the result of background abnormalities. This phenomenon has been described previously with coliphage L2'. The difference in control phage counts between tables I and I1 is probably due to natural differences between lysates, although the titres were the same.
The severity of the damage caused by biocides, observed by electronmicroscopy, did not correlate with the loss of phage titre measured by the virus suspension test.12 Phenol 2 % w/v, peracetic acid 1 % v/v, cetylpyridinium chloride 0.05 YO w/v and glutaraldehyde 1 YO v/v altered the phage structure in a well defined way. The first three biocides were found to reduce the F116 titre by at least 4 loglo. 18 Higher biocide concentrations increased the proportion of damaged phages, but did not alter the types of structural damage. Thus phenol and peracetic acid produced a similar pattern of damage, as did the alcohols tested.
Glutaraldehyde 1% v/v produced a 3 log,, reduction in titre within 20 min.18 At a concentration of < 2 %, it has been found to be effective against poliovirus,22y 23 r o t a~i r u s ,~~ hepatitis B virus,25* 26 hepatitis A virus27 and herpes virus. 28 Chambon et ~1 .~' showed that one of the glutaraldehyde targets was the capsid of poliovirus type I and echovirus type 25. In the present study, most of the phage particles treated with glutaraldehyde 1 YO v/v had a "ghostly" appearance. It is possible that the biocide altered the protein structure, triggering the mechanism causing the phage genome to be ejected into the surrounding medium. If the nucleic acid is released, it remains to be determined whether glutaraldehyde inactivates the F116 phage genome. It has been shown that the RNA genome of poliovirus type 1 was resistant to glutaraldehyde up to a concentration of 1 0/0. 23 Both phenol and peracetic acid were highly effective against F116.18 Phenol is a potent agent against enveloped viruses, and modifies bacterial membrane ~ermeability.~' Enteroviruses, such as poliovirus, were found to be more resistant to peracetic acid31 than rotaviruse~.~~ However, no morphological changes were described. Phenol and peracetic acid had similar effects on F116. Both induced a change in appearance of the viral genome packaged inside the head, possibly resulting from an alteration of the head permeability, and, therefore, of the osmotic pressure. This may produce the fractured heads observed in some instances. The two biocides were also highly active against the tail proteins, causing an aggregation of material ( fig. 6 ). Chlorhexidine is a powerful antibacterial agent.30 It has also been shown to be effective against the enveloped human immunodeficiency virus (HIV).33
However, chlorhexidine diacetate 1 YO w/v is ineffective against F116 bacteriophage." In this study, little structural change was observed, reinforcing the idea that this agent is not effective against this bacteriophage. In a parallel study with an energy dispersive analyser of X-rays fitted into the electronmicroscope, it was noticed that chlorhexidine was poorly bound to the phage surface (unpublished data), which could explain the lack of activity of this disinfectant. In contrast, cetylpyridinium chloride binds to the phage surface (unpublished data).
All the biocides tested, except chlorhexidine, induced various types of structural damage, subsequently releasing the nucleic acid packaged in the head. It is yet to be determined whether the phage nucleic acid is then inactivated, or whether it remains infectious. F116 bacteriophage appears to be a suitable model for such purposes because of its large doublestranded DNA content, which could be easily extracted and purified at a high yield.
F 1 16 phage differs morphologically from human viruses in that it possesses a head and a tail. F 1 16 does not have an envelope, although it does contain some lipid. Nevertheless, exposure of F116 to biocides produces quite marked morphological changes which could ultimately be linked to the mechanisms of virucidal action of these agents against human and animal viruses. 
